Interphase precipitation of vanadium carbide (VC) accompanying ferrite and pearlite transformations and its effect on hardness have been examined by using medium carbon steels containing 0.1, 0.3 and 0.5 mass%V. Specimens transformed in a temperature range between 873 and 973 K consist of pearlite and small amount of proeutectoid ferrite. Ferrite fraction increases with raising transformation temperature or with increasing the V content. In addition to proeutectoid ferrite and pearlite, bainite is formed below 853 K, whose fraction is increased by the V addition. Hardening is significant in the V-added alloy between 873 K and 973 K and becomes larger by increasing V content in this temperature range. Meanwhile the alloying effect of V on the hardness remarkably decreases at 823 K where bainite transformation takes place partly. TEM characterization has revealed that VC are precipitated in both of proeutectoid and pearlitic ferrite with holding Baker-Nutting (B-N) orientation relationship with ferrite in the manner of fine rows parallel to the austenite / ferrite interphase boundary. Single variant of VC, whose habit plane is closer to ferrite / austenite boundary than the other two B-N variants, tends to be formed. The size of VC decreases and its number density increases by lowering transformation temperature, corresponding to the larger hardness increase.
Introduction
In order to weight saving of automobiles for reduction of fuel consumption, medium carbon steels for forging parts, such as shaft, connecting rod and so on, are required to be strengthened. One way for achieving higher strength is to use fine precipitates. When carbide forming elements such as Ti, Nb, V, Cr and Mo are alloyed to carbon steels, it has been frequently reported that alloy carbides are nucleated repeatedly at a growing ferrite / austenite boundary during ferrite transformation, leading to formation of precipitates in rows parallel to ferrite / austenite boundary. [1] [2] [3] [4] [5] [6] [7] [8] This peculiar precipitation phenomenon is called as interphase precipitation (IP) and has been investigated extensively in low carbon steels. [1] [2] [3] [4] [5] [6] [7] [8] Recently, interphase precipitation of Ti carbides in low carbon steels has attracted much attention for developing high strength low carbon sheet steels. 9, 10) It is known that interphase precipitation also takes place in the pearlitic ferrite lamellae in the same manner as in the proeutectoid ferrite in medium and high carbon steels containing carbide forming elements. However, there are few studies on interphase precipitation in medium and high carbon steels [11] [12] [13] and precipitates formed through interphase precipitation in these steels have not been characterized quantitatively.
In this study, vanadium carbide (VC) is selected for precipitates because a solubility product of VC in austenite is much larger than that for TiC or NbC so that a large amount of V can be dissolved in medium carbon steels during heating and precipitated through interphase precipitation during cooling. Then, variations in hardness and microstructure including a size and a number density of VC by the V addition have been investigated.
Experimental Procedure
Plain and V-added medium carbon steels containing 0.1 mass%, 0.3 mass% and 0.5 mass%V were used. These alloys are referred as base, 0.1 V-added, 0.3 V-added and 0.5 V-added alloys, respectively. Nominal compositions and Ae3, Ae1 and dissolution temperatures of V(C,N) for these alloys calculated by using ThermoCalc are shown in Table  1 . Homogenization treatment of the alloys was performed at 1 453 K for 172.8 ks in silica tube encapsulated with Ar gas to avoid decarburization. Then, these specimens are austenitized for 0.6 ks at 1 423 K for the base alloy or at 1 473 K for the V-added alloys and subsequently transformed isothermally in a salt bath at temperatures ranging from 723 K to 973 K for various time periods, followed by quenching into water. Similar nominal grain sizes of prior austenite ranging from about 340 to 410 μm were obtained by the above treatments in the base and V-added alloys. Vickers hardness of the heat treated specimens was measured by using a load of 9.8 N. Microstructures after transformation were characterized by means of optical, scanning ion and transmission electron microscopies (OM, SIM and TEM, respectively). Specimens for OM were prepared by mechanical polishing followed by electro-polishing by using a solution of 100 g CrO3 + 20 ml H2O + 500 ml CH3COOH, then subsequently etched by 3% nital. Volume fractions of austenite transformed were quantified by point counting method. TEM thin foil specimens were obtained by electropolishing by using the same etchant or by microsampling technique with focused ion beam facilities. These thin foils were observed with TEM (Philips CM300) operated at 300 kV. In order to quantify the number density of VC particles, a local foil thickness of an observed field of view was estimated by a convergent beam electron diffraction method. 14) 3. Results and Discussions
Optical Miscrostructure and Hardness
Figures 1(a), 1(b) and 1(c) show optical microstructures of the base, 0.3 V-added and 0.5 V-added alloys transformed at 963 K or 973 K, respectively. The base alloy was not transformed at 973 K fully even after being held for14.4 ks so that the alloy was transformed at 963 K instead. All the three alloys consist of pearlite and proeutectoid ferrite structures formed at austenite grain boundary and within the grain. Morphology of proeutectoid ferrite is allotriomorphic at the grain boundary and idiomorphic within the austenite grains. By increasing V content, fraction of proeutectoid ferrite, especially intragranular ferrite presumably nucleated on inclusions, [15] [16] [17] [18] increases remarkably. Figures 1(d) , 1(e) and 1(f) show effects of transformation temperature on optical microstructure of the 0.3 V-added alloy. By lowering transformation temperature from 973 K ( Fig. 1(b) ) to 923 K ( Fig.  1(d) ) or 873 K (Fig. 1(e) ), fraction of ferrite decreases and morphology tends to film-like at the grain boundary while pearlite structure becomes more dominant. On the other hand, at 823 K ( Fig. 1(f) ), bainite in a form of acicular ferrite are formed at prior austenite grain boundaries as well as inside of austenite grains and fraction of proeutectoid ferrite and pearlite decreases. Bainite was also formed in the base alloy transformed at the same temperature while its amount is much lower than that in the 0.3 V-added alloy. Figure 2 shows variations in volume fraction of austenite transformed at various temperatures as a function of holding time. At the high temperature ( Fig. 2(a) ), V addition accelerates austenite decomposition although it takes long holding time for completion of transformation. At 923K, such difference of transformation kinetics between the alloys decreases ( Fig. 2(b) ). In contrast, V-added alloys exhibit slower transformation kinetics than that in the base alloy at 873 K (Fig. 2(c) ).
Figure 3(a) shows variations of hardness of the specimens just after completion of transformation, which correspond to the shortest holding time of fully transformed condition in Fig. 2 , as a function of transformation temperature. Hardness of the base alloy increases by lowering Table 1 . Chemical compositions and Ae3, Ae1 and dissolution temperatures of V(C,N) for the alloys calculated by using ThermoCalc. Fig. 5(a) , these sheets of precipitates are parallel to the boundary between proeutectoid ferrite and austenite (now transformed to martensite), thus these are formed by interphase precipitation. Intersheet spacing is clearly changed even within the same ferrite grain and it tends to be decreased with approaching the ferrite / austenite boundary ( Fig. 5(a) ), which is in contrast to nearly the constant spacing of interphase precipitation of NbC within a ferrite grain of a low carbon steel. 8) This fact strongly indicates that migration rate of ferrite / austenite boundary affect intersheet spacing of interphase precipitation as reported elsewhere. B-N orientation relationship has three equivalent variants, no VC particle is observed ( Fig. 6(d) ) when the objective aperture was positioned on the possible (002) VC reflection of another variant for dark field image, which is indicated by an open circle in Fig. 6(c) . Thus, it is clear that the single variant of VC is formed through interphase precipitation. Similarly, interphase precipitation of VC takes place at the region B (Fig. 6(e) ), but the variant of VC is different from that in the region A. Habit plane of VC in the B-N orientation relationship is close to {001} α which is parallel to (001) VC . In Figs. 6(b) and 6(e), reflections of (002) VC are used for dark field TEM images and its reciprocal vectors are indicated by white arrows. By comparing these arrows and traces of ferrite / austenite boundaries, it is clearly found that the habit plane of the observed variants are closer to the ferrite / austenite boundary than these for the other two variants both at the regions A and B as reported previously. 7) This is possibly because grain boundary area diminishing in nucleation of VC of such variant is larger than the other two variants. In addition to interphase precipitation of VC, fibrous VC 5) are observed as shown in Figs. 6(b) and 6(e), which is nearly perpendicular to the ferrite / austenite boundary. 20) It was proposed that a slow migration rate of ferrite / austenite boundary and habit plane of precipitates nearly perpendicular to the ferrite / austenite boundary leads to the formation of fibrous precipitation due to continuous growth of precipitates. Figure 7 shows TEM images of VC in pearlitic ferrite in the 0.3 V-added alloy transformed at 923 K. Straight rows of VC particles are also observed in pearlitic ferrite in the dark field image taken from (002) VC reflection ( Fig. 7(b) ) in agreement with the literatures. [11] [12] [13] 21) Precipitate free zone (PFZ) is observed near the pearlitic cementite lamellae as pointed by solid arrows in Fig. 7(c) . Edmonds et al. 11, 21) similarly reported the formation of PFZ of interphase precipitation of VC in pearlitic ferrite adjacent to cementite lamellae. They supposed that PFZ are formed because of dissolution of VC around cementite lamellae due to enrich- ment of V into the cementite after transformation, or depletion of V and carbon near cementite lamellae at the growing austenite / pearlitic ferrite boundary and resultant less nucleation of VC around cementite lamellae. VC precipitates were found to hold the B-N orientation relationship with respect to pearlitic ferrite. When (002)VC reflection of the other variant of B-N orientation relationship is used for a dark field image, only a few of VC particles are observed as shown in Fig. 7(d) , indicating that the single variant of VC in the B-N orientation relationship is formed dominantly through interphase precipitation in pearlitic ferrite. Figure 8 represents intersheet spacing of VC at 923 K and 973 K. The intersheet spacing scatters significantly in the same sample or even within the same ferrite grain as shown in Fig. 5(a) although it tend to be smaller by lowering transformation temperature. Interestingly, clear difference of intersheet spacing at 923 K between proeutectoid and pearlitic ferrites is not seen. Note that symbols for pearlitic ferrite at 923 K are plotted at slightly lower temperature than the actual one in order to avoid overlapping with these for proeutectoid ferrite. Such variations in intersheet spacings of VC in proeutectoid and pearlite ferrite are in good accordance with previous studies. 11, 22, 23) It is supposed that increasing driving force for nucleation of VC with lowering transformation temperature leads to smaller intersheet spacing. This is also supported by finer intersheet spacing of VC in higher V content as shown in Table 2 . Figure 9 displays variation in dispersion of VC in proeutectoid ferrite ((a), (b)) and pearlitic ferrite ((c), (d)) with transformation temperature. By lowering transformation temperature from 973 K (Fig. 9(a) ) to 923 K (Fig. 9(b) ), sizes of VC particles decreases while a number density increases in proeutectoid ferrite. Such tendency is similarly observed in pearlitic ferrite as shown in Fig. 9 (c) (923 K) and Fig. 9(d) (873 K) . At the same transformation temperature, the size and number density of VC particles are similar in proeutectoid and pearlite ferrites as shown in Figs. 9(b) and 9(c). Note that VC particles formed through interphase precipitation are not spherical but mostly elongated along (002)VC plane which is habit plane of VC and parallel to (001)α in the B-N OR.
20)
Such variations in the size and number density of VC are quantified based on dark field images of VC and local thin foil thickness estimated by CBED technique. Only the dark field TEM images of VC taken along near [100]α zone axis are used for the quantification since dark field images of two variants can be observed in the same field of view. As shown in Fig. 10 , it is assumed that a VC particle is oblate spheroid parallel to the incident beam because of the habit plane of VC holding B-N OR parallel to (001)α plane. Therefore, lengths of major and minor axes of the particle, l1 and l2 respectively, can be acquired directly from a dark field image in addition to an apparent radius of the particle (rapp), which is a radius of a circle having the same area of the particle in the image. When a true radius of the particle (r) is defined as a radius of a sphere having the same volume as that of the oblate spheroid, r is obtained by where ρV1 and ρV2 are number densities of VC particles for dominant and sparse variants, respectively. Here, number densities of the two sparse variants are assumed to be the same. Figures 11(a) and 11(b) show variations in the size and number density of VC particles as a function of a holding time at various temperatures, respectively. At 973 K, the VC size increases and the number density decreases by increasing holding time, indicating that coarsening of VC particles takes place. At 923 K and 873 K, such variations with holding time or differences between proeutectoid and pearlitic ferrites are not clearly seen. It is found that finer dispersion of VC particles having a higher number density is obtained at a lower transformation temperature, leading to the greater increase in hardness in addition to refinement of interlamellar spacing and increase in volume fraction of pearlite.
The increment in hardness by the V addition is examined based on the precipitation hardening model. Hardness increase by the V addition (ΔHV) is converted into increase in a shear stress (Δτexp) by using empirical formula where hardness is three times larger than yield stress and Tayler factor of non-textured bcc metals (2.08) as follows; ΔHV is difference in hardness between the V-added and base alloys transformed at the same condition.
Increase in a yield shear stress by VC precipitates is calculated by the Ashby-Orowan model; 24, 25) ................. (4) where L is a spacing between particles in the slip plane, G is a shear modulus (83.1 GPa), b is Burgers vector (0.248 nm), λ is an outer cut off distance. L is calculated by using a parameter of x which is the diameter of a circle having the same area as the mean area of all circles of intersection; 24) ... In the original Ashby-Orowan model, 24, 25) λ is taken to be x. Figure 12(a) shows comparison between Δτcalc by the original model and Δτexp. It is found that all the Δτcalc values are apparently smaller than Δτexp. There are some possibilities causing this discrepancy such as missing small VC particles or clusters in TEM observation and uncertainty in conversion from Vickers hardness to yield strength. In addition, another possibility due to the precipitation model itself can be considered. By taking λ as a fitting parameter and equal to 3·x, the discrepancy between experiments and calculations can be eliminated as shown in Fig. 12(b) . This fitting corresponds to an assumption that an elastic field around dislocation extends to a region three times larger than x. It has been frequently reported that Δτcalc obtained by the original Ashby-Orowan model (λ is taken to be x) is in good agreement with precipitation strengthening by inter-
. ln phase precipitation carbide. In such studies, precipitation strengthening are calculated by assuming that all the carbide forming elements or carbon in the specimens are precipitated. 10, 26) In contrast, the size and number density quantified in TEM analysis are used in this study, and measured volume fractions are less than that in the equilibrium state predicted by using ThermoCalc software in most cases. This fact implies that the Ashby-Orowan model needs further modification for describing actual strengthening by fine precipitate. Therefore, systematic study on quantification of nano-sized carbide in ferritic or pearlitic single constituent structure is needed in corporate with investigation of tensile behavior of them. The relationship between yield strength and fine carbide formed through interphase precipitation will be reported in elsewhere.
Summary
Effects of vanadium addition to medium carbon steels on microstructure and hardness of the specimen transformed isothermally were investigated. Obtained results are summarized as follows;
(1) Pearlite and a small amount of proeutectoid ferrite are formed between 873 K and 973 K. The fraction of ferrite decreases with lowering transformation temperature or with decreasing V content. Below 873 K, bainite is contained in part, which increases in volume by the V addition.
(2) The V addition increases hardness significantly when the specimen is transformed above 873 K. Below 853 K, hardness of the V-added specimen drastically decreases because of bainite formation. Age hardening and subsequent softening by overaging is appeared during the aging at 873 K and 923 K after completion of transformation.
(3) Characteristic parallel rows of VC holding of BakerNutting orientation relationship forms through interphase precipitation in proeutectoid and pearlitic ferrites. A specific Baker-Nutting variant, whose habit plane is closer to ferrite / austenite boundary than the other two variants, tends to be formed preferentially. With lowering transformation temperature, dispersion of VC becomes finer in size and higher in number density.
(4) Precipitation strengthening calculated by the AshbyOrowan model based on the quantified size and number density of VC particles are smaller than the observed hardness increase so that modified Ashby-Orowan equation is proposed for describing precipitation hardening in V-added medium carbon steels.
